The building sector accounts for more than 40% of the global energy consumption. This consumption may be lowered by reducing building energy requirements and using renewable energy in building energy supply systems. Therefore, a nearly zero-energy building, incorporating a solar heating and cooling system, was designed and built in Beijing, China. The system included a 35.17 kW cooling (10-RT) absorption chiller, an evacuated tube solar collector with an aperture area of 320.6 m 2 , two hot-water storage tanks (with capacities of 10 m 3 and 30 m 3 , respectively), two cold-water storage tanks (both with a capacity of 10 m 3 ), and a 281 kW cooling tower. Heat pump systems were used as a backup. At a value of 25.2%, the obtained solar fraction associated with the cooling load was close to the design target of 30%. In addition, the daily solar collector efficiency and the chiller coefficient of performance (COP) varied from 0.327 to 0.507 and 0.49 to 0.70, respectively.
Introduction
The building sector accounts for more than 40% of the global energy consumption [1] . The total energy consumption of Chinese buildings (i.e., 16 billion tons of standard coal) accounts for 20.7% of the total national end energy consumption [2] . Building energy consumption may be lowered by reducing building energy requirements and using a renewable energy system. However, owing to indoor facilities and human activity, basic heating and cooling loads must be met. The corresponding building energy consumption can be reduced by using a renewable energy system, such as a solar energy system and a heat pump system, which are the most suitable renewable energy systems for the building sector. Heat pump systems are normally driven by grid electricity. Solar energy systems can produce electricity, thermal energy for heating and cooling, and can be used with a chiller to meet building energy requirements. The solar energy systems use less grid electricity than the heat pump systems. Therefore, based on the potential energy-saving effect, a solar heating and cooling system (SHCS) represents the most desirable option for the building sector [3, 4] .
An SHCS can supply cooling energy for the chiller during the summer and heat in the winter. A typical SHCS equipped with an absorption chiller is shown in Figure 1 . The chiller, solar collector, and thermal energy storage (TES) are the main components of the SHCS, and each influences the performance of the other components. Adsorption chillers and absorption chillers are the two main types of chiller available on the current SHCS market. At values of 0.45 to 0.8, the coefficient of performance (COP) of absorption cooling systems is better than that (0.2 to 0.6) of adsorption systems [5] [6] [7] [8] [9] [10] [11] . Most (~70% of) chillers used in European SHCS are equipped with absorption chillers [12] , and recent statistics show that the single-effect absorption chiller is a popular choice [5] [6] [7] [8] 13] . Cabrera et al. [14] compared the cost of different types of solar collector used in office buildings and hotels in Madrid and Copenhagen, respectively. The results showed that in the case of the parabolic trough solar collectors (PTC), the energy costs for cooling are (i) similar to those of flat plate solar collectors (FPC) and (ii) lower than those of evacuated tube solar collectors (ETC) and compound parabolic solar collectors (CPC). A study of the solar cooling system in Thailand showed that the cost of the absorption chiller and solar collector represented most of the initial investment [15] . Owing to natural variations in solar irradiation, a TES is essential for controlling fluctuations in the heat transfer fluid temperature supplied to the chiller. If cooling demand is less than the required, TES is used to store the cooling energy for further load requirements. The SHCS consisting of single-effect LiBr/H 2 O absorption chillers are used in China and other countries (see in Table 1 ). However, most Chinese SHCS consist of two TESs, and (in recent years) other countries have adopted this practice. Backup energy is crucial for buildings with heating requirements. ETCs are applied in China, whereas FPCs are used mainly in other countries. In fact, China is the largest producer of solar collectors and in 2012, ETCs comprised 90% of all collectors [16] . Owing to their high performance and low cost, ETCs are also used in SHCS [15, [17] [18] [19] [20] [21] .
These studies reveal that most SHCSs have been used in conventional buildings. However, some new buildings have been designed in accordance with the national requirements for energy efficiency. The load requirement of nearly zeroenergy buildings (nZEB) and net zero-energy buildings (NZEB) differs from that of a conventional building. The application of SHCSs in nZEB and/or NZEB has recently been reported. Moldovan et al. [36] proposed a methodology for determining the optimal energy mix for heating and cooling that transforms a low-energy building to nZEB. In that work, a climatic profile with unbalanced heating and cooling demands through the year was considered. The methodology was applied to a research and development laboratory building in Transilvania University of Brasov, and the optimal 2 International Journal of Photoenergy energy mix for nZEB was determined from numerical simulations and in-field meteorological data. In addition, Gallo et al. [37] analyzed the integration of photovoltaic (PV) solar domestic hot water and air conditioning systems in NZEB in Spain. The simulation results showed that PV systems play an important role in reducing the use of fossil fuels in NZEB and, hence, these systems may also play a key role in China. This work focuses on the realization of nZEB in China. The energy supply systems applied in the demonstration buildings were analyzed, especially the concept of SHCS during the design and operating phases. Moreover, the performance of the SHCS was evaluated, via the monitoring data, and optimal conditions for further improving the efficiency of the system were suggested. The walls in this building were externally insulated. In addition, the external wall has a decorative coating (2 mm), and the outer layer consists of aerated concrete blocks (200 mm) and a decorative board integrated with an ultrathin vacuum insulation board (25 mm). Values of 0.24 W/(m 2 ·K) and 0.16 W/(m 2 ·K) were obtained for the onsite test-yield heat transfer coefficient of the external wall and roof, respectively. Furthermore, the aluminum alloy window used in the building has the following characteristics: general heat transfer coefficient: 1.0 W/(m 2 ·K), shading coefficient: 0.26, window glass: tempered glass with a 5 mm lowemission film, vacuum layer: 2 mm, glass: 5 mm, air layer: 27 mm, and tempered glass: 5 mm. The vacuum glass used in the window had a transmittance of 38% and an airtightness performance rank of 8 (based on the Chinese national energy efficiency standard GB 50189-2005: design standard for energy efficiency of public buildings). The measures aimed at reducing the thermal bridge in the structure were also taken to further lower the building energy requirements for heating and cooling.
Building

Load Requirement and System
Scheme. The detailed design of the building envelope lists the requirements for the heating and cooling loads. For example, fresh air and sunlight are necessary for people inside the building and (although resulting in energy consumption for cooling) helpful in lowering the heating requirement, respectively. The loads for heating in winter and cooling in summer were calculated in accordance with the Chinese energy efficiency standard (GB 50189-2005: design standard for energy efficiency of public buildings). The load is composed of three components, namely, the basic heating/cooling load, load for fresh-air treatment, and load for humidity treatment. The basic heating/cooling load is generated by the building envelope, whereas the other two components vary with the number of people in the building. A space heating load of 66574.7 W (16.54 W/m 2 ) was calculated, and a fresh-air requirement of 10,570 m 3 /h yielded a heating load of 90069.5 W. In addition, a value of −135 kg/h ("−" refers to the humidity that must be removed from the building) was determined for the load associated with dehumidification. Therefore, the maximal hourly cooling load, fresh-air requirement, cooling load for fresh-air treatment, and load for dehumidification were 148934.8 W, 10,570 m 3 /h, 26062.9 W, and −129.99 kg/h, respectively. The HVAC system should fulfill the heating and cooling requirements. The cooling load, 148934.8 W (37.00 W/m 2 ), is higher than the heating load (66574.7 W). Therefore, the capacity of the system is decided by the cooling load and the fresh-air treatment load in the summer. Fresh air is essential for people inside an extremely airtight building, and hence the load for this treatment is required throughout the year.
General Concept of System
Design. The general concept of an SHCS is shown in Figure 1 . The SCHS consists of six circuits, namely, the solar collecting circuit, heat storage circuit, heat to absorption chiller circuit, supply heat/cold energy to building circuit, underground heat exchanger circuit, and cooling tower circuit. In summer time, the solar collectors collect the heat from the sun and the water in the hot-water tanks are heated. Moreover, the absorption chiller starts working when the temperature in the tanks reach the start temperature required for driving this operation. The resulting cooling energy is stored in the cold-water tank and is later supplied to the building. When the cooling requirement is extremely high, the heat pumps start to work. In winter time, heat is supplied to the building if the temperature in HTWs is sufficiently high. Otherwise, the heat will be used to keep the solar collectors warm during winter nights. The heat supplied to the building comes mainly from the heat pumps.
2.4. Solar Collector System. The roof of the building was divided into two parts. Six light tubes, for guiding natural light into the conference room, were installed at the south of the roof covering the room. The medium-temperature PTC, with an aperture area of 30 m 2 , was installed on the northern part of the roof, and heat transfer oil was used as the heat transfer medium.
The U-type evacuated tube solar collector with a CPC reflector was installed on the lower part of the roof, which was filled with ETCs to maximize heat absorption from the sun. The ETC field, 320.6 m 2 ( Figure 2 ), was tilted by 25°with respect to the roof. When the cooling load is higher than the heating load, this angle enables high heat absorption (by the solar collector) in the summer.
The ETC used in the system was developed as part of the 11th Chinese national scientific project-Large Scale Application of Solar Energy in Buildings (number 2006BAJ01A11). The instantaneous efficiency curve can be described by the following equation:
where η, G, and U are the instantaneous efficiency of the solar collector, solar irradiance (W/m 2 ), and the reduced temperature difference (m 2 ·K/W), respectively. In summer and winter, water and an ethylene glycol aqueous solution (to prevent freezing), respectively, are used as the heat transfer media in the circuit. Overheating of the ETC and solar system in summer was prevented by using a rooftop heat exchanger to release the heat to the surrounding air.
2.5. Thermal Energy Storage. Based on the experience from projects in China and other countries [15, 19, 21, 34] , two types of TES were used in this system. The air conditioning equipment was tested in a lab, and a 30 m 3 rectangular steel water tank was reused for heat storage. The aim here was to ensure that a rapid temperature increase and consequent cold-water generation were induced by the heat absorbed from the sun (by the solar collector) in the morning. A 10 m 3 rectangular steel water tank, which was also used in the heating time, was added. A 50 mm rubber sponge was used as the insulation material for the tanks. The water temperature for the heating requirement is lower than the water temperature required to generate cooling water from the absorption. Moreover, the solar energy is fully utilized by using two tanks during the heating season. 4 International Journal of Photoenergy Furthermore, to maximize solar energy absorption and reduce heat loss, two 10 m 3 cylindrical tanks were used as cooling storage. These tanks can store an hour of cooling energy generated by the absorption chiller. A 50 mm rubber sponge insulation material was also used. The heat storage and cooling storage tanks were installed in the conventional building and new building, respectively. During the intermediate seasons, heat from the sun was used to heat the fresh air of the room from winter to the cooling season. Similarly, from summer to the heating season, the cooling energy from the absorption chiller was used to cool the fresh air of the building.
The peak-valley electricity price for Beijing was adopted. The nighttime valley and peak hour electricity prices of this building are 0.3818 RMB/kWh and 1.4407 RMB/kWh, respectively. Based on the design of the system control, money is saved because the heat pump operates during the night to store energy in the cooling tank.
Absorption Chiller and Cooling Tower.
A single-effect LiBr-H 2 O absorption chiller (WFC-10 RT, YAZAKI Corporation) with a rated cooling capacity of 35.17 kW (10-RT) was used in the HVAC system. According to the manufacturer, a COP of 0.7 is obtained when the chiller operates at a hot-water temperature, cooling water temperature, and output temperature of 87°C, 29°C, and 8°C, respectively. The cooling capacity of the chiller accounts for more than 30% of the cooling load.
The cooling tower, which rejects heat from the chiller water to the ambient air, has a capacity of 281 kW at 32/37°C and an ambient air wet-bulb temperature of 28°C.
Heat Pump and Other Concepts.
A ground source heat pump system was used in the nZEB as a principal energy source for cooling and heating. While the cooling energy from the absorption chiller cannot meet the load requirement, the heat pumps start. Two heat pumps were used, namely, (i) 99.5 kW (cooling)/103.7 kW (heating) and (ii) 50 kW (cooling)/51.7 kW (heating). The ground heat exchanger system consisted of 20 double 80 m (depth) and 50 single 60 m (depth) U pipes.
As the building is for demonstration purposes, the following concepts were considered.
A free cooling concept was used for the building. In this case, a flat plate heat exchanger was installed in the cooling energy supply system. During the cooling season, and based on the load requirement, the energy from the cooling tower and underground pipe heat exchangers supplies cooling energy to the building through this exchanger. This reduces the cost of cooling with marginal pump power consumption.
A fresh-air supply system was used in the building. This building serves as a demonstration, and, therefore, different air conditioning units were used on different floors. In addition, variable refrigerant volume systems, radiation floor systems, radiation ceiling systems, and water loop heat pump systems were used on the first, second, third, and fourth floors, respectively.
Energy Consumption Monitoring
System. An energy management system (EMS) was installed in the energy supply system. The EMS consists of three components: meters, data collectors, and energy consumption data management software. The electricity consumption, water volume, and energy for heating and cooling were measured and recorded. During electricity consumption monitoring, the electricity for air conditioning, lighting, plugs, power for the lift, and power for the EMS was measured. The electricity generated by the PV system (capacity of only 2.88 kWp), connected to the circuit for illumination, was also measured. The energy consumption monitoring system consisted of 68 electricity meters, 40 heat meters, and two water meters.
Parameters
To understand the performance of the system, the test results are presented by using a simple data reduction, as described in [38] . The useful energy gained from the sun by the solar collector can be expressed as 
where q j is useful energy gained (MJ), V ji is average flow rate (m 3 /s) of the solar collection system, c pw is constant specific heat (J/kg·°C) of the heat transfer fluid, ρ w is density (kg/ m 3 ) of the heat transfer fluid, t dji is inlet temperature (°C) of the solar collector, t bji is outlet temperature (°C) of the solar collector, ΔT ji is recorded time interval (s, ΔT ji should be less than 600 s), and n is total number of recorded data points. q j can be determined from the flow rate, t dji and t bji of the solar collection system, or by using a heat meter.
The efficiency (η) of the solar collection system may be expressed as follows:
where A and H are the area (m 2 ) of the collector and the solar irradiation (MJ/m 2 ) on the aperture area of the collector. The heating energy consumed by the absorption chiller may be expressed as follows:
where Q r is heating energy (kW) consumed by the chiller, V ri is average flow rate (m 3 /s) of the system, t dri is temperature (°C) of the water supplied to the chiller, t bri is temperature (°C) of the water returned from the chiller, ΔT ri is recorded time interval (s, which should be less than 600 s), and ΔT t is total recording time (s). The cooling energy supplied by the absorption chiller is determined from
where Q l is cooling energy (kW) supplied by the chiller, V li is average flow rate (m 3 /s) of the system, t dli is temperature (°C) of the water returned to the chiller, t bli is temperature (°C) of the water provided by the chiller, and ΔT li is the recording time interval (s), which should be less than 600 s.
Following AHH et al. [21] , the COP can be defined as the ratio of the evaporator cold capacity Q l to the heat input generation Q r :
The solar fraction of this SHC is given as
where the solar fraction, f , corresponds to the ratio of the cooling/heating energy from absorption to the total cooling/heating energy supplied to the building (i.e., Q t is the cooling energy supplied to the building in summer and the heating energy in winter).
Results and Discussion
4.1. Collector Performance. The SHCS was evaluated via operating parameters (such as the solar irradiation and ambient temperature), which were recorded over a few days. The daily maximal solar irradiation ranged from 648 W/m 2 to 890 W/m 2 ( Figure 3 ), while the average and maximal ambient temperatures ranged from 30.9°C to 35.0°C and 32.2°C to 39.0°C (Figure 4) , respectively. In addition, the nominal International Journal of Photoenergy heat transfer fluid temperature of absorption was~87°C, and the efficiency of collector field ranged from 0.327 to 0.507. This change in efficiency (see Figure 5 ) resulted mainly from changes in the meteorological conditions. The solar collector exhibited a higher heat loss than that reported by the manufacturer, but performed better under clear-sky conditions. Furthermore, dust collected on the CPC reflector persisted even after heavy rain, and in the summer of 2015, steam was released (via evaporation) from the collector fields. These factors all contributed to a decrease in the collector performance. Optimization of the pipe arrangements and regular cleaning of the collector and CPC reflector surfaces will reduce the potential for evaporation and enhance the collector efficiency, respectively.
4.2.
Performance of the SHC. The operating parameters recorded from 08 July 2015 to 14 July 2015 are shown in Figure 6 . The figure shows the measured temperature of the inlet water to the absorption chiller generator (t dri ), temperature of the outlet water from the absorption chiller evaporator (t bli ), heat supplied by solar energy to the chiller (Q r ), and cooling power load produced by the absorption chiller during The chiller is started at a driving hot-water temperature of~77°C (see Figure 6 ), which lies in the drivingtemperature range (70°C-95°C) specified by the chiller manufacturer. However, except for the day of 12 July 2015, the output cold power is lower than the nominal value. The operating data for 12 July 2015 show that the input heat power is close to the nominal value, and the temperature of the water to the chiller generator increased from 77.8°C to 80.0°C (see Figures 6-7) ; at the same time, the cold temperature to the load decreased from 16.8°C to 9.5°C. In addition, the calculated COP ranged from 0.49 to 0.70 and the maximum COP reached the nominal value. The inlet temperature and the heat power supplied to the chiller generator were both lower than the nominal value reported by the chiller manufacturer. Therefore, the chiller temperature and cold power to load were higher and lower, respectively, than the nominal value. However, based on the design concept, the solar collector system can satisfy both the temperature and heat-power requirements. Subsequent investigation of SHCS will focus on determining the underlying principle of and optimizing the SHCS operation.
The variation in COP on the aforementioned days is shown in Figure 7 . As reported in a previous study [21] , the COP varied with the output cold power supplied to the load. Furthermore, a maximum COP of 0.7 (the nominal value supplied by the chiller manufacturer) was obtained under clear-sky conditions.
A design target of 30% was set for the cooling energy covered by the absorption chiller, but a value of 25.2% was obtained during actual testing in the summer of 2015. The heat fluid of solar collector is water; during the winter of 2014-2015, most of the heat from solar energy was used to keep the solar collector warm during the night (less heat was used by the building).
Free Cooling Concept and PV System Performance.
Though many technical measures were instituted for this nZEB, most of these measures were only demonstrated. For example, the free cooling concept, that is, the ground heat exchanger and the cooling tower constituting the main cooling source, fell short of expectations. A significant amount of work is required to fully exploit this concept. During operation, the solar thermal system and heat pump system are the main cooling/heating source.
The building-integrated photovoltaic was installed on the south wall. In 2015, the total power and daily average output from the PV system were 1031.43 kWh and 2.83 kWh, respectively. The output power is used for illumination of the public areas, and, hence, its contribution to the reduction of electricity consumption is trivial.
Conclusions
We presented an initial performance assessment of a solar heating and cooling system in an nZEB building. Values of 13,006 kWh and 38,656 kWh were recorded for the cooling energy supplied by the SHCS and the heat pumps, respectively. Furthermore, a value of 25.2%, which is very close to the design target of 30%, was obtained for the rate of SHCS contribution. The electricity meter revealed that the general energy consumption for cooling, heating, and light from 2014 to 2015 was <23 kWh/m 2 . During the intermediate season, the SHCS met most of the load requirements for fresh-air treatment. Although the free cooling concept was adopted, this concept fell short of expectations under actual operating conditions, although the SHCS played an important role in conventional energy consumption reduction.
On sunny days, the daily efficiency of the solar collector and the COP of the chiller varied from 0.327 to 0.507 and 0.49 to 0.70, respectively. The energy requirements must be accurately predicted for a solar heating and cooling system applied in this nZEB building. The load requirements and characteristics of an nZEB differ from those of a conventional building. In the case of a conventional building, the load requirement and changes thereof are affected by outdoor conditions. In the case of an nZEB, changes in the outdoor temperature and solar irradiation have only a modest effect on the cooling load. The main load requirements of an nZEB are to (i) remove heat from equipment, such as personal computers, and (ii) provide energy for fresh-air treatment, which depends on the number of people inside the building. The load characteristics and capacity should be considered during the selection of a solar thermal system. In addition, TES is essential for balancing the load requirement and energy supply of the SHCS in an nZEB.
This building is a demonstration of an nZEB, and the energy system (including the SHCS) is under commission. The optimal operational measurements will be performed in accordance with the recorded data. Further work on the SHCS in an nZEB will focus on improving the efficiency of the solar collector and fully exploiting the use of TES. The phase change material will be carefully selected. 
